ERNEST ORLANDO LAWRENCE
BERKELEY NATIONAL LABORATORY

Current Status and Future
Scenarios of Residential Building
Energy Consumption in China

Nan Zhou

Environmental Energy
Technologies Division

Masaru Nishida
Department of Architecture
Kyushu Sangyo University

Weijun Gao
Department of Environment Space Design
The University of Kitakyushu

December 2008

This work was supported by the U.S. Department of Energy under CGoNkbac
DE-AC02-05CH11231.




Disclaimer

This document was prepared as an account of work sponsored by theSiiaitsdGovernment.
While this document is believed to contain correct information, neithe United States
Government nor any agency thereof, nor The Regents of the Utywvafr€alifornia, nor any of
their employees, makes any warranty, express or implied, or assumpdegal responsibility for
the accuracy, completeness, or usefulness of any information, appgmatdsct, or process
disclosed, or represents that its use would not infringe privatelycdvigigs. Reference herein to
any specific commercial product, process, or service by its traae, trademark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorerseommendation, or favoring
by the United States Government or any agency thereof, or ThentRexfethe University of
California. The views and opinions of authors expressed herein do rssagty state or reflect
those of the United States Government or any agency thereof, &tefjemts of the University of
California.

Ernest Orlando Lawrence Berkeley National Laboratory is an equal oppgrtunit
employer.



Current Status and Future Scenarios of Residential Building Ener gy
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Abstract
China’'s rapid economic expansion has propelled it into the ranks ofaripest energy

consuming nation in the world, with energy demand growth continuing at acpateensurate
with its economic growth. Even though the rapid growth is largetipatable to heavy industry,
this in turn is driven by rapid urbanization process, by constructioeriaat and equipment
produced for use in buildings. Residential energy is mostly used in areas, where rising
incomes have allowed acquisition of home appliances, as well ssased use of heating in
southern China. The urban population is expected to grow by 20 million ye@ryaccompanied
by construction of 2 billion square meters of buildings every yeaugh 2020. Thus residential
energy use is very likely to continue its very rapid growth. Ustdading the underlying drivers
of this growth helps to identify the key areas to analyze ereffigyency potential, appropriate
policies to reduce energy use, as well as to understand future energy in the keittiong

This paper provides a detailed, bottom-up analysis of residentlding energy consumption
in China using data from a wide variety of sources and a modeffog that relies on a very
detailed characterization of China’s energy demand. It asséwsesirrent energy situation with
consideration of end use, intensity, and efficiency etc, and fardmaduture outlook for the
critical period extending to 2020, based on assumptions of likely pattérsonomic activity,

availability of energy services, technology improvement and energsitiés.

Keywords. China, residential building, modeling, energy intensity, energy efficisceynario
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1. Introduction

China’s Medium and Long-Term Development plan drafted by the cegradrnment and
published in 2004 (NDRC,2005) laid out the broad guidelines of China’s develofrorarf000 to
2020, central to which is a quadrupling of GDP with only a doubling of greengsumption. This
goal is in essence to repeat the experience of the period fromid 28800 when China did achieve
a quadrupling of GDP while keeping energy consumption growth to onlythsdlirate. By 2005,
however, it became apparent that China had substantially excégeeedigy consumption growth
target for the first quarter of its 20-year development plan. Instead of maigtthe ratio of energy
growth to economic growth at 0.5, China experienced a sharp risergyentensity between 2001
and 2005, This loss of momentum in continued efficiency gains and inteeditgtion called into
guestion China’s ability to keep energy consumption growth at just half the ratenoingic growth
over the entire 20 year period and suggested that energy consumpt@o20nwould be
significantly higher than forecast.

In an early study, we have undertaken a detailed analysisceht energy intensity trends in
China, revealing the dominant role of rampant growth in heavy indsisds the leading cause of
recent increases in China’s energy intensity (Lin, 2007). Bveangh the rapid growth is largely
attributable to heavy industry, this in turn is driven by rapidanoiation process, by construction
materials and equipment produced for use in buildings. Residentiglyaaenostly used in urban
areas, where rising incomes have allowed acquisition of home raggsiaas well as increased use
of heating in southern China. The urban population is expected to gr@® tyllion every year,
accompanied by construction of 2 billion square meters of buildveyy gear through 2020. Thus
residential energy use is very likely to continue its veapid growth. Understanding the
underlying drivers of this growth helps to identify the key ar&a analyze energy efficiency
potential, appropriate policies to reduce energy use, as wall @sderstand future energy in the
building sector.

As a sequence of the research published early on commercigy erserin China (Zhou,2008 ),
this paper provides a detailed, bottom-up analysis of residential fguiehergy consumption in
China using data from a wide variety of sources and a modefiorg #fat relies on a very detailed
characterization of China’s energy demand. It assesses thentcwenergy situation with
consideration of end use, intensity, and efficiency etc, and fortheaiiture outlook for the critical
period extending to 2020, based on assumptions of likely patterns of ecaaiivity, availability
of energy services, technology improvement and energy intensities.

The primarily analytical tool used in this study was a accogrftiamework of China’s energy
and economic structure, built using the LEAP (Long-Range Energgrnatives Planning)
modeling software.



2. Methodology

Residential energy demand is shaped by a variety of factorsidimg location (in both
geographic location and urban vs. rural) and climate. In developingriesustich as China, it is
important to divide households into rural and urban locales due to thedifarergy consumption
patterns found in these locations. Within the locales, end uses mw&enlout into space heating,
air conditioning, appliances, cooking and water heating, lighting, and a resatiegbgy.

The end uses were further broken out by technologies; some appliaproe broken out into
classes by level of service, associated with different lesetsficiency. Space heating varies by
climate type, so it is broken out by North, Transition and South zBoesll end uses, appropriate
devices and fuels were assigned, with saturation (rates of gm@trand energy efficiencies based
on statistical and survey data pertaining to the base year (200f))taredvalues based on analysis
of government plans, trends, and comparisons to other countries. Changesgindemand in the
model are in part a function of driver variables, e.g., GDP, population, andhotdisize, which
were determined exogenously and included in the model. Table 1shows the breakouts.

The equation for energy consumption in residential buildings can be sizadas follows (some
subscripts have been omitted for brevity of presentation):
Equation 1.

OPTION OPTION P
i

Ee = Z % FLx{(HmJx(SHm“))Jr[ZJ:p‘d‘meECw‘m]JrCm“+Wm“+Lm+R“

where, in addition to the variables listed above:

m  =localetype (urban, rural)

Pm,i =populationinlocaleminregion i

Fm,i =number of persons per household (family) in localeminregioni,

Hm,i =average floor area per household in locale type min regioni in m2

SHi = space heating energy intensity in residential buildingsin regioni in kWh/m2-year,
] =type of appliance or end-use device,

pi,j =penetration of appliance or device | in region i in percent of households owning appliance
(valuesin excess of 100% would indicate more than one device per household on average),

UECi,j = energy intensity of appliancej inregioni in MJ or KWh/year,
Ci  =cooking energy use per household in region i in MJ /househol d-year,
Wi =water heating energy use per household in region i in MJ /household-year,

Lm =average lighting energy use per square meter in locale type i in kWh /square meter-year,
and

Rm =residual household energy usein locale typei in MJ /househol d-year.

Air conditioner and refrigerator end uses are detailed with stogiover modeling, which
includes information on initial stocks by vintage, energy efficies by vintage (allowing explicit
modeling of the impacts of standards), efficiency degradatiornlgspfand lifetime or survival



profiles.

3. Current Residential Building Energy Consumption in China
3.1 Assumptions of the Drivers

Along with population size, key activity drivers of energy and denmamesidential buildings are
rate of urbanization, number of households, per capita living area, pgrsomssidence. In the
residential buildings sector, the level of energy demand is furifieenced by household income,
number of households, and the size of households. Although GDP is not addiwectin our
analysis, it is however used as reference to drive the Berehliving area and saturation of
appliances.

The key drivers used in our disaggregating effort are prasemt€able 2. The population in
2000 is 1.27 billion and 34.3% of them live in north China, 30% in the Southiheitrest live in
transitional area. The regional split is used to estimate #gyedemand in each region according
to climate differences differs and determine the level of plaees heating and space cooling needs.
The number of people living in urban areas in China is 35.6% of tHewbiah is almost the level
of the world average in 1970 (U.N. 2005). Historically, the average holdsesize has been
declining in most of the developing countries. China adopted one child pnli@979 which
accelerated this decrease. Average household size decline@ fsersons in 1980 to 3.7 persons
in 2004, and in urban China it has almost reached the level of developedesoubhange in
household size is important because per capita energy use sidesusehold size decreases
(Schipper and Meyers, 1992). Another important factor is the dwelleay Bwelling area in China
has increased significantly over the past two decades with & &@&.3% while it is only about
0.6% in other countries. In 2000, the average dwelling area in Chim®4vat per dwelling on
average, which has already reached many of the developed countries level iIEA92804).

3.2 Energy Use and Activity

We summarize the saturation and aggregated energy intensitgchnoé the main residential
energy end uses in Table 3. Heating equipment has been used througtiwerin China, but only
30% of the urban area and 8% of the rural area in transition asdaehting devices. In northern
urban areas, stoves and boilers are the major heating equipmeat stiglie of 40% respectively,
followed by district heating of 22%, while in rural, biomass isrttagor heat source, with a share of
85%. In central China, electric heaters are the major heatthgtlne share of 60% (Zhou, 2003).
Buildings in North and Transition urban area are supposed to me&d@tebuilding codes. Space
heating intensity is 31.60 W/%degree day in north and 17.5 W#-degree day in transition region
in 2000. Rural China has much lower heating intensity because ohdbme gap with urban,
which is 2.34 W/ fr-degree day in north and 0.14 W/degree day in transition region in 2000.

Cooking and water heating intensity in urban areas is 1252 kWh/househgleapend slightly
more in rural areas. This is much lower than that of Japan in 2006 whak 4560 kWh/household
(IEEJ, 2003). In developed countries, the energy consumption of waterghisaapproximately 5
times as much as that of cooking. Water heating energy is 4.7 tigimecooking energy in the U.S.



and UK, and 4.22 times higher for Japan in 2000 (IEEJ, 2003). We assumssithdaiaratio also
applies for China. LPG is a major energy source, while coal laattieity are also used in some
parts of China. Biomass is the major energy in rural area.

For lighting, an aggregated lighting intensity was used (Lin, 200%. annual lighting energy
intensity for 7 major cities in China is 213 kWh/household in 1999. The $tiadifferent bulbs is
55% for incandescent, 39% for fluorescent and 6% for CFL (compact fluorescent).

Energy use in appliances is determined by ownership or saturatoramd the unit energy
consumption (UEC). Ownership rates often grow as a result of etom@wvelopment. In 2000,
refrigerators, TV and clothes washers have already pertetnrateh of the households in urban
areas, while the rates in rural area are still much lowke use of air conditioning is highly
dependent on the climate as well as the income level, therefaeeoage the ownership is only
about 30% in urban China, and very rare in rural. These numbersuate lower than those of
developed countries such as 121% for refrigerator and 217.4% for air coeditn Japan in 2000
(IEEJ, 2003). In addition, change in the size and features of apdigtags a major role in
determining the UECSs. Increases in average size are mogicsighfor refrigerators. Table 3 also
shows that most of UECs of the appliances are higher those of Jagieating a large potential for
energy efficiency improvement.

3.3 Energy consumption by fuel and end-use

The adjusted residential energy consumption was 6.6 EJ in 2000, accoanti®§4 of primary
energy without counting biomass fuels (Figure 2). It would be 30.@iomass is counted. This
figure is four percentage points higher than what is report&iima’s statistic, and the reason has
been addressed in an early article (Zhou, 2008). The energy is mostly used in waliretanse the
rising income have allowed acquisition of home appliances, in additi the existing central
heating system in northern China, which resulted in much largez shalectricity, coal and gas
use. Despite the larger share of land area and more population (64.4%@liChina, the primary
energy use is only 1.84EJ, accounting for 28% of the total residential energy use.

Besides biomass, coal is the dominant fuel, accounting for 79% of ooaés energy
consumption in households (Figure 3and Figure 4). This includes the @mludie for heating and
coal used to generate electricity used for appliances. Oil useifjally kerosene) is mostly seen in
rural lighting. Even though renewable energy has increased cdithstiits share remains
insignificant (0.2%).

Most of the energy was used for space heating and water heatecmunting for 59% of the
residential energy consumption (Figure 1). The four major appbammuding air conditioner,
refrigerator, clothes washer and TV use about 21% of household emdmyetl by lighting at 9%
and cooking at 7%. Other use which accounts for residual applianceasgomputers, printers,
etc.., uses only 4% of energy in 2000.



While energy demand for space heating naturally varids tvé climate; it is also determined by
the household income level and other factors. Many households in China do ncufievent
heating due to poverty, and traditionally, there were no heating suginsin Southern China,
where the temperature can get very low in the winter. Thegmsdlibly contributed to the lower
share of space heating demand in China in 2000.



Table 1 End-Use Structur e of the Residential Sector

End use Space heating Air Lighting Cooking and Appliances
conditioning water heating
Category North Transition Clothes Washer TV Refrigerator
Three sizes
Technolo Electric heater Ordinary Incandescen  Electricity Vertical Black Ordinary
gies gas boiler efficient t Natural gas Horizontal TV efficient Highly
boiler Highly Florescent LPG Color efficient
stove efficient CFL Coal TV
district heating Coal gas
heat pump air Other

conditioner

9%
4%

27%

32%

@ Water Heating

W Space heating
@ Other Uses

O Lighting

B Cooking

@ Appliances

Figurel Residential Energy consumption by End-use

7%

3%
1%

10%
0%

79%

@ Coal

B Renewables

| Oil

O Nuclear

@ Gas

@ Hydropower

Table2 MacroDriversin Residential Sector

Figure2 Residential Primay Energy Consumption by Fuel

Table 3 End Use Saturations and | ntensities

Saturation, % End use intensity/UEC
Urban Rural | Unit Urban Rural | Japan notes

Space Heating

North 100 100 kWh/m”2-year 79 5.9 386 2000 average

Transition 30 8 kWh/m”2-year 26.6 0.24

2004 for

Refrigerator 80 12 kWh/year 460 460 380 250L-300L
Clothes washer 91 29

vertical 63 70 kWhlyear 36 36 21.9

to 2004 for 4.2 kg

horizontal 27 30 kWh/year 61 61 40.2
TV

black 0 53 kWh/year 38 38

color 117 49 kWh/year 150 150 79 2004 for 29 inch
Air Conditioner 31 1 kWh/year 388 375 229 2000 average
Cooking and water
heating - - MJ/household-year 4506 4986 | 16420 2000 average
Other use - - kWh/year 280 100

16546 2000 average

lighting - - kWh/household 283 253




4. Future outlook for Energy Use in China
4.1 Activity and structural change
4.1.1 Population and Urbanization

Urban population in China increased between 1980 and 2000, growing from 1R#,naH
19.5% of the total in 1970 to 451.8 million, or 35.6% of total in 2000 and is pedjéx increase to
55.8% in 2020 (UN, 2003). Total population will still grow, but at a much etquace compared
with that of years pre 2000, at 0.5% per year. Increasing urbamzatds to the increased use of
commercial fuels, such as natural gas and LPG, for cookingathsietraditional biomass fuels.
Additional increases in energy use come with electrification,nwdqgpliances and lighting are
adopted.

4.1.2 Residential Living Area and Household Size

Globally, the size of the household tends to decline with increastogne and urbanization of
the population. In the case of China, the "one child policy" enforceld @wtecline particularly
rigorously. Average household size in China dropped from 5.2 persons in 1981 tor3dis eer
household in 2002 ( Figure 3). And this trend is expected to contintreusliin household size
decreasing from 3.13 persons in 2000 to 2.88 persons/household in 2020, thed lI@hnese
household size today. It is also assumed that rural household size\8i® persons/household in
2020.

In China, floor space per person increased from 91®n19.8 ni in urban and from 17.8nto
24.8 nf, from 1990 to 2000. In 2030, it is assumed to be equal to the current slapanese
households (30ffcapita) while rural residences will have 34.8aapita).

The decline in household size leads to an increase in the total noifieerseholds in the region,
which, together with the increase in living area will multigiye contribution of energy demand
from households.

4.1.3 Residential Appliance Penetration Change

Ownership of the four major electric appliances-refrigerat@rsconditioners, clothes washers
and TVs increased significantly from 1981 to 2000 except for blackh&8wI'Vs. For example,
refrigerator ownership started at 1% in 1981 and increased to 80.2%0th in urban China.
Increased income levels and decreasing appliance prices tdavgrowth of the ownership of
appliances, but will slow down when reaching a high saturation Iratgban areas, color TV is
already universal; clothes washer ownership is approaching tsaturand refrigerator rates are
also growing. All of these will result in a much slower pategmwth of appliance ownership
through 2020, and therefore will have much smaller impact on householdc#leconsumption in
the future. Other factors such as air conditioning is an excepti@aused began to appear in early
90s, and is expected continue growing much faster. The level of ensggyed for urban
households in China in 2020 is assumed to be similar to that consumed nnhotseholds in
Japan today. For appliance saturation, it is assumed that urbars€€hmgseholds will reach the
level of appliance ownership of Japan today by 2020(Figure 4).
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4.1.4 End Use Intensities

Table 4 shows the values for major driver variables that werktasgbtain an outcome to 2020.
Energy intensity for cooking, water heating and lighting witirease to accommodate the demand
for higher level of comfort. These intensities are still loovnpared to other countries, whereas
space heating stands out as an exception. Space heating in NarberrChina is predominately
supplied through district heating system that does not have meteswitches installed in
individual houses, resulting in imbalances and inability to control heatfoicing consumers to
commonly open windows as the only means to regulate overheatindditrom, current building
codes is not stringent enough compared with other countries (Zhou, 2008)gatfdrcement is
far from being adequate. In southern cities, the compliancénratw buildings could be as low
as 8 to 10%. With the adoption of the heat metering system and the building envelope irptpvem
we project the efficiency of the heating utilization in nonthewrban region will significantly
improve on both these fronts therefore lead to a decline in heatimgitgteThe transition area
(areas south of Yangzi river but north of the non-heating Southern)Gindarural China on the
other hand, where defined as “non-heating zone”, historically has hadatinghequipment, will
demand for more heating as their economy develops. This will rasgdiowing intensity in space
heating.

4.2 Energy efficiency

The energy efficiency in our model is a combination of the eff@yeand market shares of
different types of technologies. Our analysis reveals thagffieeency of the different technology
will be improved over time due to the revision of minimum energyieficy standard as well as
technology development. Figure 5 illustrates an example of tiogeatfy change of space heating
technology. For instance, the average efficiency of the disieating will increase by 23 percent,
whereas a heat pump shows a 80 percent improvement potential.

At the same time, the market share of efficient and cteacbnology also rises according to the
current government policy (Figure 6). Technologies such as conventiohdlaileas and district
heating will gradually shift to cleaner gas boilers and mir@ent heat pumps. The projection is
based on assumption that both the efficiency and market shares dfdrentliechnologies used in
the Chinese residential sector will converge to their current level in Japan by 2020.

Because of their large share in household energy use, refrigeaabrair conditioners were
modeled in some detail. They were broken out into efficiencysek (and also, in the case of
refrigerators, size classes) and simple stock turnover modeiasgyimplemented. The case of
refrigerators in urban households provides an example of how the efficiengeslarertime.

Current data for actual refrigerators on the Chinese marketnéormation on possible future
efficiency standards (China National Institute of StandardimatP003) are used to determine
efficiency levels for these three efficiency classesaoheof three typical refrigerator sizes (170
liters, 220 liters, and 270 liters). Average intensity levelgtierthree efficiency classes, which are
assumed to decline over the 2000 to 2030 period are shownron! Reference source not
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found.Figure 7.Error! Reference source not found.Figure 8 shows that, over the period of the
scenario, the average size of new refrigerator is assunsetdlhe rise of the size of refrigerators
therefore offsets the efficiency improvements in each citegory, that the average unit energy
consumption of refrigerators shown in Table 4 would have more significant reductionis¢he

4.3 Future Energy Outlook

Growth in residential and commercial energy consumption is drivénlyotin increase in total
floor space devoted to these uses and by the increase in applginagg,| and heating and cooling
usage in these aredsr(or! Reference source not found.Figure 9, anderror! Reference source
not found.Figure 10). As urbanization increases, growing from the currentt4086% in 2020,
and household wealth continues to rise, demand in households for refrigemat@@nditioners,
lighting products, clothes washers, consumer electronics, spacegheaditer heating and other
functions will increase substantially. For example, the avezHiggency of an “efficient” split-type
room air conditioner in urban households is expected to improve by d&8dyby 2020 over the
2004 level, but owing to continued high rates of sales, total elégtcansumption by “efficient”
room air conditioners is expected to more than triple, from 12 TWh in 2004 to 38 TWh in 2020.

By 2012, the total energy consumption of the 650 million urban residentsunpi&ss that of the
728 million rural residents, even considering the 5.8 EJ consumed in rural householderim thie
biomass. In terms of just commercial energy, urban household consumiikibe three times that
of rural areas. This high continued reliance on biomass for rurafjyesensumption shows the
potential challenge to the coal, oil, gas and electricity secfofslly displacing biomass usage in
rural households.

As living standards rise, energy efficiency improvements in thiglibgi sector are likely to be
offset by the growing demand for higher levels of energy sexvioere space heating and cooling,
improved lighting, and larger appliances. These responses to highey $tandards make it
difficult to reduce energy intensity in building sector. In 2020, resigemiuilding energy
consumption will reach 15.86 MJ from 6.6 MJ in 2000, with a 4.5% growth rate per year.

5. Conclusions

This paper provides a bottom-up analysis of residential building emenggumption in China
using data from a variety of sources and a modeling effort #lasron a very detailed
characterization of China’s energy demand. The results can be summarizedodiswing:

The adjusted residential energy consumption was 6.6 EJ in 2000, accoanti&§4 of primary
energy, in which, urban energy use accounts for 72% of the tetdéngial energy and coal is the
dominant fuel. Most of the energy was used for space heating aed heating, accounting for
59% of the residential energy consumption. The four major appliancksling air conditioner,
refrigerator, clothes washer and TV use about 21% of household efodiayyed by lighting at 9%
and cooking at 7%.
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In 2020, residential building energy consumption will reach 15.86 MJ from 6i6 RLIOO, with a
4.5% growth rate per year. The growth is mainly driven byeasing urbanization together with
the increase in living area will multiply the contribution of ggyedemand from households. As
living standards rise, energy efficiency improvements in the Ingildector are likely to be offset
by the growing demand for higher levels of energy servicesselhnesponses to higher living
standards make it difficult to reduce energy intensity in building sectoedsed income levels and
decreasing appliance prices drive the growth of the ownershappiances, but will slow down
when reach a high saturation rate. Average intensity levelssataned to decline over the 2000 to
2020, whereas the average size of new refrigerator is assunse.t@®y 2012, the total energy
consumption of the urban residents will surpass that of rural resjdeven considering the 5.8 EJ
consumed in rural households in the form of biomass. This high continusacesthn biomass for
rural energy consumption shows the potential challenge to the coga®ignd electricity sectors
of fully displacing biomass usage in rural households.
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Table4 Residential Energy Intensity by End-use Assumptions

1981 1986 1991 1996 2001 2006 2011

2016

Urban enduse Rural enduse Japanese 2004
intensity intensity most efficient
2000 2020 2000 2020 technology  note

Space Heating

North kWh/mA2-year 79 64 5.85 30.6

Transition kWh/mA2-year 29.6 28.8 5 9.6
Cooking MJ/household-year 901.2 1421 997 1349
water heating MJ/household-year 3605 5685 3988 5396
Other use kWh/year 100 420 50 150
lighting kWh/m/2-year 3 45 1.5 2.2 4Wh/m"2 in 1998
Refrigerator UEC kWh/year 4612 4219 4589 422.3 380 for 250L-300L
Clothes washer

vertical kWh/year 35.88 329 23.9 28.1

horizontal kWh/year 924 60.9 61.36 515 21910402  for4.2kg
TV

black& white kWh/year 38 63.8 38 63.8

color kWh/year 125 243 125 243 79 for 29 inch

4/ KVVI/mornn 1or
cooling,
116 kWh/month for for capacity of
Air Conditioner UEC ~ kWh/year 387.6 2456 375 2489 heating 2.5 kW
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